In a class of the gauge-Higgs unification models the 4D neutral Higgs boson, which is a part of the extra-dimensional component of the gauge fields, becomes absolutely stable as a consequence of the gauge invariance and dynamically generated new parity, serving as a promising candidate for cold dark matter (CDM). We show that the observed relic abundance of cold dark matter is obtained in the SO (5)×U (1) model in the warped space with the Higgs mass around 70 GeV. The Higgs-nucleon scattering cross section is found to be close to the current CDMS II and XENON10 bounds in the direct detection of dark matter.
What constitutes dark matter in the universe? [1] - [4] How does the Higgs boson interact with other particles? [5] These are two of the most important issues in current physics.
We would like to point out that these two issues are related to each other, and indeed that they reflect two sides of the fact that Higgs bosons can be stable and become dark matter.
In the standard model (SM) of electroweak interactions, the electroweak (EW) symme- in the extra-dimension. [6] - [8] It has been recently found in one of the gauge-Higgs unification models in the RandallSundrum warped space [9] π where the effective potential for θ H is minimized. [10, 11] If this is the case, the Higgs boson would become stable.
This prompts urgent questions. Does the Higgs couplings to the SM fermions and weak gauge bosons vanish to all order in perturbation theory? Is the value θ H = ± This leads to an important consequence. Higgs bosons become viable candidates for cold dark matter (CDM) in the universe. They are copiously produced in the very early universe. As the annihilation rate of Higgs bosons falls below the expansion rate of the universe, the annihilation processes get frozen and the remnant Higgs bosons become dark matter.
The annihilation rates of Higgs bosons can be reliably estimated, once the masses of W , Z, and fermions are given. The precise value of the Higgs mass m H , which arises as quantum effects of θ H , depends on the details of the model. In the model of ref. [10] , m H is predicted to be ∼ 50 GeV. It is shown below that the observed cold dark matter density is obtained with m H ∼ 70 GeV in the SO(5) × U(1) model.
The distinctive feature in the gauge-Higgs unification is that the Higgs field H(x) corresponds to the fluctuation of the Aharonov-Bohm (AB) phase, θ H , in the extra-dimensional space, which is given by the phase of the path-ordered Wilson line integral along a noncontractible loop C in the extra-dimension with a coordinate y, P exp ig A C dyA y (x, y) .
The effective Higgs interactions with the W , Z bosons and fermions in the standard model at low energies are summarized in the SO(5) × U(1) model as [11] 
Here k and L are two parameters specifying the Randall-Sundrum warped space. 
The effective potential V eff (θ H ) is dynamically generated at the one-loop level, and is finite. [6] The mass functions m W (θ H ), m Z (θ H ), and m F ab (θ H ) appear at the tree level, which include contributions from heavy KK excited states in intermediate states. [11, 12, 13] The value of the AB phase θ H is dynamically determined by the location of the global minimum of V eff (θ H ). There the fermion fields are diagonalized in the mass basis such that
In the SO(5) × U(1) model in the RS warped space [14, 12, 15] the orbifold boundary
are imposed for SO(5) gauge fields, where (y 0 , y 1 ) = (0, L). Here P j 's are elements of SO (5) . With the parity matrices P j = P Let us denote the generators of SO(5)/SO(4) by Tâ (a = 1, · · · , 4). In the vectorial representation (T4 vec ) ab = (i/ √ 2)(δ a5 δ b4 − δ a4 δ b5 ), whereas in the spinorial representation
The difference in normalization Tr Tâ vec Tb vec = 2 Tr Tâ sp Tb sp = δ ab becomes important in the subsequent discussions.
The fifth dimension in the Randall-Sundrum warped space has topology of the orb-
. Consequently the AB phase θ H along the fifth dimension is given by exp{
The relevant part of the gauge potential becomes
where
dy e −2ky h 0 (y) 2 = 1, and is given, outside the fundamental region, by
θ H is a phase variable. All the functions ofθ H in the effective interaction in (1) are periodic with a period 2π. This periodicity follows from the large gauge invariance. [8, 16, 17] Given the boundary conditions (2), there remains the residual gauge invariance
which preserves the boundary conditions. In general, new gauge potentials satisfy new boundary conditions
The residual gauge invariance is defined with
It is straightforward to see that the condition P
(n: an integer). In other words all physical quantities must be periodic in θ H with a period 2π.
Fermions in the vector representation of SO (5), for instance, obey Ψ(x, y j − y) = P j vec γ 5 Ψ(x, y j + y). Under a gauge transformation Ω large (y) with α = π, one finds that There is mirror reflection symmetry in the extra dimension. The action in the RS warped spacetime is invariant under (
The orbifold boundary conditions are preserved under this transformation. Since h 0 (−y) = h 0 (y), this implies that the theory at low energies is invariant underθ
In a class of the SO (5)×U (1) gauge-Higgs unification models in the warped space which contains fermions only in tensorial representations, but not in spinorial representations, of SO (5), one can draw an important conclusion about the couplings of Higgs bosons. It follows from the enhanced gauge symmetry and mirror reflection symmetry that It follows that all odd-power Higgs couplings The derivative couplings such as
bidden by the mirror reflection symmetry. We observe that the effective interactions at low energies are invariant under H(x) → −H(x) with all other fields kept intact at θ H = ± 1 2 π.
We call it the H-parity. Among low energy fields only the Higgs field is H-parity odd. The
Higgs boson becomes stable, protected by the H-parity conservation. We stress that the H-parity has emerged dynamically, unlike in the models of refs. [18, 19] where an additional
Higgs doublet with odd parity is introduced by hand.
The mass functions are evaluated in the RS space. It is found in refs. [10, 11, 12 ] that, to a good approximation,
where θ W is the weak mixing angle and the fermion mass matrix has been approximated by a diagonal one m Inserting (6) into (1), one finds the various Higgs couplings;
The W W HH coupling is given by To determine a favored Higgs mass precisely, we have employed a more elaborated formula to evaluate the relic abundance [3, 20, 4] . The annihilation rate per unit particle number density σv is expanded in a non-relativistic manner as σv = a+bv 2 +O(v 4 ), and the relic abundance is given by Ω H h 2 ≃ 2. We take the following annihilation modes into account: bb, V ( * ) V ( * ) , ττ and cc. Here V denotes W or Z, and V * means a virtual gauge boson that eventually goes into a pair of a fermion and an anti-fermion. Since we are interested in the threshold region of the W W final state, the inclusion of 3-body and 4-body final states via virtual gauge boson (s) is mandatory.
The cross section of the annihilation process into a final state X, σ(HH → X), is obtained from the decay rate into X, Γ(H → X), in the standard model [5] , by replacing the relevant vertices in the standard model by those in the present model, with an appropriate change in kinematical factors. For example, the cross section for HH → ff is given by 
, and σ 0 is the annihilation cross section into a pair of intermediate virtual vector bosons, given by
with δ W (Z) = 2(1), and λ(q At m H = 70 GeV, the annhilation rates of the relevant modes in the non-relativistic limit are σv = (7.3, 11, 1.5) × 10 −27 cm 3 /s for bb, W If Higgs bosons constitute the cold dark matter of the universe, they can be detected by observing Higgs-nucleon elastic scattering process, HN → HN. The relevant part of
To evaluate the direct detection rate one needs to incorporate QCD corrections [22] .
After integrating out the heavy quarks, we obtain the effective Lagrangian at a hadronic scale:
where c, b and t quarks are integrated out, and G a µν denotes the gluon field strength. This effective Lagrangian leads to the following effective Higgs-nucleon coupling:
The relation N|(α s /8π)GG|N = −(m N /9)(1 − f N ) has been used. With this coupling, the spin-independent (SI) Higgsnucleon scattering cross section is evaluated to be
in the non-relativistic limit. There is a considerable uncertainty in the value of f N stemming from that in the σ πN term. The value f N quoted in ref.'s [21] and [23] appear as missing energies and momenta. We shall come back to these points in future.
